1 UNC-49B and UNC-49C are g-aminobutyric acid (GABA) receptor subunits encoded by the Caenorhabditis elegans unc-49 gene. UNC-49B forms a homomeric GABA receptor, or can coassemble with UNC-49C to form a heteromeric receptor. The pharmacological properties of UNC-49B homomers and UNC-49B/C heteromers were investigated in Xenopus oocytes. 2 The UNC-49 subunits are most closely related to the bicuculline-and benzodiazepine-insensitive RDL GABA receptors of insects. Consistent with this classi®cation, bicuculline (10 mM) did not inhibit, nor did diazepam (10 mM) enhance UNC-49B homomeric or UNC-49B/C heteromeric receptors. 3 The UNC-49C subunit strongly aects the pharmacology of UNC-49B/C heteromeric receptors. UNC-49B homomers were much more picrotoxin sensitive than UNC-49B/C heteromers (IC 50 =0.9+0.2 mM and 166+42 mM, respectively). Pentobarbitone enhancement was greater for UNC-49B homomers compared to UNC-49B/C heteromers. Propofol (50 mM) slightly enhanced UNC-49B homomers but slightly inhibited UNC-49B/C heteromers. Penicillin G (10 mM) inhibited UNC-49B homomers less strongly than UNC-49B/C heteromers (30% compared to 53% inhibition, respectively). 4 Several aspects of UNC-49 pharmacology were unusual. Picrotoxin sensitivity strongly correlates with dieldrin sensitivity, yet UNC-49B homomers were highly dieldrin resistant. The enhancing neurosteroid pregnanolone (5b-pregnan-3a-ol-20-one; 10 mM) strongly inhibited both UNC-49 receptors. Alphaxalone (10 mM), another enhancing neurosteroid, did not aect UNC-49B homomers, but slightly inhibited UNC-49B/C heteromers. 5 UNC-49 subunits and mammalian GABA A receptor a, b, and g subunit classes all share roughly the same degree of sequence similarity. Thus, although they are most similar to other invertebrate
Introduction
Ionotropic GABA receptors are the major inhibitory neurotransmitter receptors in both vertebrate and invertebrate nervous systems. These receptors contain ®ve subunits which are arranged around a central chloride-selective pore. Binding of GABA causes a conformational change that opens the pore and allows chloride ions to¯ow into the cell, resulting in reduced cellular excitability (MacDonald & Olsen, 1994) . GABA receptors have considerable medical and economic importance. In humans, these receptors (the GABA A receptors) are targets of many drugs that reduce neuronal excitability. Such drugs are used to treat anxiety, epilepsy, and insomnia, and to produce anaesthesia (Sieghart, 1995) . In invertebrates, these receptors are the targets of pesticides and anti-parasitic compounds used in agriculture and medicine (rench-Constant et al., 1993; Martin, 1993) .
To better understand the mechanisms of allosteric regulation of GABA receptors, it is useful to identify receptor residues that mediate the binding of allosteric regulators, and transduce this binding into changes in receptor function. The chimeric structure-function approach has been eective in achieving this goal. In this approach, two homologous receptors with dierent sensitivities to an allosteric regulator are ®rst identi®ed. Then, segments are swapped between the receptors to identify the domains that are responsible for the functional dierences. Finally, individual amino acids that play key roles are identi®ed by site-directed mutagenesis. Because this approach requires receptors with diverse functional properties, it is valuable to compare receptors from widely divergent genomes.
We have recently cloned the unc-49 gene from the nematode Caenorhabditis elegans. unc-49 encodes the GABA receptor that mediates the inhibitory neurotransmission between nerve and muscle. Inhibitory transmission at muscles is required for co-ordinated locomotion in nematodes (McIntire et al., 1993) . unc-49 is an alternatively-spliced gene which can potentially encode three distinct GABA receptor subunits, UNC-49A, UNC-49B and UNC-49C. However only two subunits, UNC-49B and UNC-49C, are expressed at high levels in vivo. UNC-49B can assemble as a homomer. Alternatively, UNC-49B can assemble with UNC-49C to produce a distinct heteromultimeric receptor (Bamber et al., 1999) . In this study, we survey the sensitivity of both UNC-49B homomeric receptors and UNC-49B/C heteromeric receptors to a variety of positive and negative allosteric regulators of GABA receptor function.
Methods

Electrophysiology
All electrophysiological analysis was performed on Xenopus oocytes that had been injected with cRNA encoding the UNC-49 subunits (Bamber et al., 1999) . The UNC-49B cRNA was generated using the plasmid pBGR4 as a template, which contained a full-length UNC-49B.1 cDNA (NCBI protein database accession number AAD42383). The UNC-49C cRNA was generated using the plasmid pBGR9 as a template, which contained a full-length UNC-49C cDNA (NCBI protein database accession number AAD42386). Both plasmids were linearized using the restriction enzyme Asp 718-1 (Roche Molecular Biochemicals, Indianapolis, IN, U.S.A.), and cRNA was synthesized using the mMessage mMachine T3 kit (Ambion, Austin, TX, U.S.A.). To express UNC-49B homomers, oocytes were injected with 0.5 mg ml 71 UNC-49B cRNA, and to express UNC-49B/C heteromers, oocytes were injected with a mixture of UNC-49B and UNC-49C cRNA, each at 0.5 mg ml 71 (27.6 nl total). Oocyte injections, and two-electrode voltage clamp electrophysiology were performed as previously described (Donevan et al., 1998) . Injected oocytes were incubated for 2 days at 188C, and then placed at 48C. Recordings were performed 2 ± 7 days after injection. Recordings were performed using electrodes with 1 ± 2 MO resistance, and oocytes were voltage-clamped at 760 mV. Drugs were delivered using a multiple-reservoir perfusion system. By activating the appropriate valves, the perfusion solution was switched from saline alone to saline plus GABA, with or without allosteric regulators.
The eects of most allosteric regulators were determined by comparing the peak currents evoked by GABA alone (at EC 50 ) to those evoked with simultaneous co-application of GABA plus the allosteric regulator. Co-application of GABA and modulatory drugs is the method we routinely use unless there is evidence for slow equilibration of drug binding to receptor. Slow equilibration would produce slow rising or falling of plateau currents in the presence of GABA plus the drug, distinct from the desensitization caused by GABA alone. Although this pattern was not consistently observed for any of the allosteric regulators tested, it is still possible that the simultaneous co-application method used here could result in an underestimate of drug ecacy. The eect of modulators presented in Table 1 were calculated by pooling data from three to 10 oocytes. Each oocyte was exposed to GABA alone, followed by GABA plus drug, and then usually re-tested with GABA alone to ensure complete wash-out. A normalized current value for a single such application regimen was calculated for each oocyte. Average normalized values and standard error of the mean (s.e.mean) values were then calculated for the pool of oocytes. P values were calculated from raw data before normalization, using the two-tailed paired Student's t-test or the two-tailed Wilcoxon signed rank test.
GABA EC 50 values were determined for each batch of oocytes by performing a GABA dose-response curve, and ®tting the data with the Hill equation:
where I is current at a given GABA concentration, I max is current at saturation, EC 50 is the GABA concentration required to produce half-maximal current, and n is the Hill coecient. Pentobarbitone (PB) dose-response curves ( Figure 2A ) were generated by co-applying EC 10 GABA with varying concentrations of pentobarbitone. First, GABA dose-response curves were generated, and the EC 10 was determined using the Hill equation above (n=3). For subsequent oocytes, the responses to EC 10 and saturating GABA (3000 mM) were measured, to verify that the EC 10 GABA produced 10% of the maximal current for that particular oocyte. If so, then we proceeded to co-apply EC 10 GABA and varying concentrations of pentobarbitone. The pentobarbitone dose-response curves were ®tted with the Hill equation above, to determine the pentobarbitone EC 50 and Hill coecient.
The picrotoxin (PTX) dose-response curves ( Figure 6C ) were generated by co-applying EC 50 GABA and picrotoxin at varying concentrations. Picrotoxin dose-response curves were ®tted using the equation:
whereI PTX +/I PTX7 is the current in the presence of picrotoxin relative to GABA alone, IC 50 is the concentration of picrotoxin required to block 50% of the GABA evoked current, and n is the Hill coecient. The program NFIT (Island Products, Galveston, TX, U.S.A.) was used for non-linear curve-®tting. Error values presented for dose-response curves are s.e.mean, and P values (two-tailed) were calculated using the unpaired Student's t-test. All drugs were obtained from Sigma (St. Louis, MO, U.S.A.). Stock solutions of alphaxalone (10 mM), pregnanolone (10 mM), pentobarbitone (300 mM), propofol (100 mM), picrotoxin (100 mM), and dieldrin (1 M) were prepared in dimethyl sulphoxide. GABA (1 M), and penicillin G (penG; 1 M) were prepared in water, Diazepam (DZ; 10 mM) was prepared in ethanol, and (7) bicuculline methiodide (BIC; 100 mM) was prepared in Ringer's saline. All stocks were stored at 7208C except diazepam, which was prepared fresh each day.
Phylogenetic analysis
Alignment of M2 sequences was performed using the DNAstar analysis software (Madison, WI, U.S.A.). Per cent similarity values were also determined using DNAstar software (Clustal alignment method, PAM250 residue weight table). The dendrogram and bootstrap analysis was performed using ClustalW software (Thompson et al., 1994) . The M3 ± M4 intracellular loop sequences of each subunit were not included in these analyses, because they are not conserved. Accession numbers (NCBI protein database) for the aligned subunits are as follows: UNC-49A (AAD42382), UNC-49B (AAD42383), UNC-49C (AAD42386); Rat GA-BA A receptor subunits a1 (P18504), a2 (P23576), a3 (P20236),
Rat GABA C receptor subunits r1 (P50572), r2 (P47742), r3 (P50573); Rat glycine receptor subunits a1 (P07727), a2 (P22771), a3 (P24524), b(P20781); Human GABA A receptors a5 (CAA01920), a6 (NP000802), Drosophila melanogaster Rdl gene product (P25123), Drosophila GABA receptor b-subunit (Q08832); lymnaea stagnalis GABA receptor b-subunit (P26714); C. elegans b-subunit (NP499661); and avermectinsensitive glutamate-gated chloride channel subunits a1 (S50864), a2B (CAA04170), b(S50865); mouse nicotinic acetylcholine receptor a1 subunit (P04756). Potassium channel sequence comparisons were performed with the human HERG channel (PIR I38465) and the Streptomyces lividans KcsA channel (PIR S60172).
Results
We have characterized the responses of the UNC-49B homomers and UNC-49B/C heteromers to a variety of allosteric regulators. We expressed both homomeric and heteromeric UNC-49 receptor in Xenopus oocytes, and tested compounds that typically enhance GABA receptor function (diazepam, pentobarbitone, propofol, and the neurosteroids alphaxalone and pregnanolone), and compounds that typically inhibit GABA receptor function (bicuculline, picrotoxin, dieldrin, and penicillin G). Allosteric regulators were tested at the GABA EC 50 for both UNC-49B homomers and UNC-49B/C heteromers, with the exception of pentobarbitone, which was tested at the GABA EC 10 . As previously reported, the GABA-responsiveness of both UNC-49 receptors was variable (Bamber et al., 1999) , but UNC-49B homomers were always more GABA-sensitive, and had larger Hill coecients than UNC-49B/C heteromers. To obtain reliable GABA dose-response data, we characterized the GABA responsiveness of each new batch of oocytes expressing UNC-49 receptors. We always observed the expected dierences between the two receptor types, with EC 50 values ranging from 78 to 267 mM for UNC-49B homomers, and from 139 to 660 mM for UNC-49B/C heteromers, and Hill coecients ranging from 2 to 3.1 for UNC-49B homomers, and from 1 to 1.5 for UNC-49B/C heteromers. We also observed that UNC-49B/C heteromers tended to desensitize faster than UNC-49B homomers, although we did not attempt to quantify this eect. Both receptors typically produced currents in the 1 to 3 mA range, although there was a large degree of cell-to-cell variability in the absolute current magnitude, with some cells producing maximal currents in the hundred nA range. We did not observe any dierences in drug ecacy or potency that correlated with current magnitude or extent of apparent desensitization, so these properties were not used as a basis for excluding cells from the data set.
Positive allosteric regulators: diazepam, pentobarbitone, propofol, neurosteroids
Diazepam We tested whether the UNC-49 receptors showed benzodiazepine modulation using the full benzodiazepine agonist diazepam. Diazepam acts speci®cally on mammalian GABA A receptors containing a, b, and g subunits (Burt & Kamatchi, 1991) . Diazepam enhances GABA-evoked currents of these receptors by shifting the GABA dose-response curve to the left. Typical diazepam EC 50 values range from 50 nM to 4 mM; maximal enhancement for a variety of recombinant and native mammalian GABA A receptors has been observed at 10 mM (Puia et al., 1991) . We found that 10 mM diazepam did not enhance either UNC-49B homomers or UNC-49B/C heteromers, consistent with the known requirement for the g subunit for diazepam action. Instead, diazepam produced a novel eect on the UNC-49 receptors. We observed a slight dose-dependent inhibition, which was potentiated by the UNC-49C subunit ( Figure 1 , Table 1 ). This eect was fully reversible within 50 s.
Pentobarbitone Barbiturates such as pentobarbitone can enhance GABA-evoked currents, directly activate GABA receptors, and at high concentrations, block GABA receptors. Barbiturates show little speci®city among ligand-gated chloride channels. They aect mammalian GABA A receptors (Sieghart, 1995) , insect GABA receptors (Hosie & Sattelle, 1996) , and mammalian glycine receptors . EC 50 values for pentobarbitone enhancement are in the range of 20 ± 35 mM for several recombinant mammalian GABA A receptors (Thompson et al., 1996) , and 300 ± 800 mM for the Drosophila RDL receptor and its splice variant (Belelli et al., Figure 1 Responses of UNC-49B and UNC-49B/C to diazepam. Xenopus oocytes expressing UNC-49B homomers (upper traces) or UNC-49B/C heteromers (lower traces) were exposed to GABA (left), or GABA plus diazepam (right). Bars above traces indicate the duration of drug application. GABA concentrations correspond to the respective EC 50 values for UNC-49B homomers and UNC-49B/C heteromers.
1996; Chen et al., 1994) . Both forms of UNC-49 receptors were sensitive to allosteric regulation by pentobarbitone (Figure 2 ). At concentrations of 3000 mM or less, pentobarbitone caused simple potentiation of the GABA-evoked currents. The EC 50 values this enhancement (using EC 10 GABA) were not signi®cantly dierent between UNC-49B homomers and UNC-49B/C heteromers. However, the ecacy of pentobarbitone was signi®cantly greater at the UNC-49B homomer than at the UNC-49B/C heteromer ( Figure 2A , Table 1 ). UNC-49B homomers were maximally enhanced by 11.5+1.0 fold (n=5) while UNC-49B/C heteromers were maximally enhanced by 7.4+0.4 fold (n=4; P50.05). This enhancement was 100% reversible within 30 s. Higher concentrations of pentobarbitone (1 mM), in the absence of GABA, evoked inward currents from oocytes expressing the UNC-49B homomer (n=4), but not from oocytes expressing the UNC-49B/C heteromer (n=5; Figure 2B ). This pentobarbitone direct activation produced currents that were 0.5 to 1% of the amplitude of the EC 50 GABA-evoked currents. This eect is relatively small: pentobarbitone direct activation of mammalian GABA A receptors can produce currents which range from 33 to 168% of the maximal GABA-evoked currents (Thompson et al., 1996) . However, the subunit speci®city of this pentobarbitone direct activation suggests that it is not an artefact of the Xenopus oocyte expression system. Finally, pentobarbitone had a complex action at very high concentrations (10 mM). As shown in Figure 2C , co-application of GABA and 10 mM pentobarbitone caused a rapid current spike that was larger than the current produced by the same concentration of GABA alone (not shown), suggesting the initial action of pentobarbitone was to enhance the GABAevoked current. Following this spike, the current decreased to a much lower steady-state value. Finally a large tail spike occurred upon removal of both drugs. This behaviour is characteristic of an allosteric enhancer that also has open channel blocking activity, and is thought to be caused by faster dissociation from the channel blocking site than the enhancing site (Akaike et al., 1987; Peters et al., 1988; Robertson, 1989; Thompson et al., 1996) . This eect was observed regardless of whether UNC-49C was present in the receptor. 
: Signi®cantly dierent from GABA-only control. Propofol Propofol is a general anaesthetic which is similar to pentobarbitone in its speci®city and action at ligand-gated chloride channels. The binding sites and transduction mechanisms appear to be similar for these two compounds Davies et al., 1998; Pistis et al., 1997; . The EC 50 for propofol enhancement has been reported to be in the range of 5 ± 25 mM for mammalian and insect GABA receptors (Belelli et al., 1996; Chen et al., 1994; Lam & Reynolds, 1998; Pistis et al., 1999) . At 50 mM, propofol can directly activate mammalian GABA A receptors to produce currents that are 10 ± 20% of the maximal GABA-evoked currents (Lam & Reynolds, 1998) . We tested whether propofol could enhance or directly activate the UNC-49B homomeric and UNC-49B/C heteromeric GABA receptors at 1, 10, and 50 mM. Propofol, at 1 or 10 mM, showed no enhancement or direct activation of either form of the UNC-49 GABA receptor (Table 1 , not shown). However at 50 mM (Figure 3) , propofol slightly enhanced the GABA EC 50 current of UNC-49B homomers ( Table 1 ). The same propofol concentration enhanced the GABA EC 10 current of UNC-49B homomers by 70% (P50.05, n=4 oocytes; not shown). These data indicate that propofol has relatively low ecacy at the UNC-49B homomer, since propofol can potentiate mammalian GABA A receptors by 5 to 34 fold when activated over a broad range of GABA concentrations (Davies et al., 1997; Lam & Reynolds, 1998) . Propofol enhancement was antagonized by UNC-49C: Instead of enhancing, 50 mM propofol slightly but signi®cantly inhibited currents from UNC-49B/C heteromers (P50.01; Table 1 ). Both the enhancing and inhibiting eects of propofol were 100% reversible within 90 s. We did not observe direct activation of either UNC-49B homomers (n=5) or UNC-49B/C heteromers (n=3).
Neurosteroids GABA-evoked currents of mammalian GABA A receptors are enhanced by endogenous pregnane neurosteroids such as pregnanolone, and the synthetic neurosteroid anaesthetic alphaxalone. EC 50 values for neurosteroid enhancement of several subtypes of recombinant GABA A receptors were reported to be in the 100 ± 500 nanomolar range for pregnane steroids, and in the low micromolar range for alphaxalone (Maitra & Reynolds, 1998; Park-Chung et al., 1999) . We found that alphaxalone and pregnanolone were largely inhibitory at the C. elegans GABA receptor (Figure 4) . Pregnanolone caused strong inhibition of the UNC-49 receptors, regardless of whether the UNC-49C subunit was present or absent ( Figure 4 , Table 1 ). By contrast, alphaxalone had no eect on UNC-49B homomers, while it modestly inhibited UNC-49B/C heteromers ( Figure 4 , Table 1 ). Alphaxalone inhibition was fully reversible within 1 min. Pregnanolone inhibition was also fully reversible, but required over 15 min to fully wash out. Thus, neurosteroid response of UNC-49 diers from that of mammalian GABA A receptors because both of these steroids at this concentration strongly enhance the mammalian receptors (Maitra & Reynolds, 1998; Park-Chung et al., 1999) . It also diers from the response of Drosophila RDL, which is weakly potentiated by 10 mM alphaxalone, and by 10 mM 5a-pregnan3a-ol-20-one (a closely-related pregnane steroid; Chen et al., 1994; Hosie & Sattelle, 1996) . Negative allosteric regulators: bicuculline, picrotoxin, dieldrin, penicillin G Bicuculline Bicuculline is generally regarded as a GABA A receptor competitive antagonist, although there is evidence that it may also act allosterically (Ueno et al., 1997) . It is highly speci®c for vertebrate GABA A receptors, and is eective in the low micromolar range. We tested the UNC-49 receptors for bicuculline sensitivity, and found that 10 mM bicuculline had no eect on either UNC-49B homomers or UNC-49B/C heteromers ( Figure 5 , Table 1 ). This result con®rms that the UNC-49 receptors are pharmacologically distinct from the mammalian GABA A receptors.
Picrotoxin Picrotoxin is a broadly-active inhibitor of ligandgated chloride channels. Picrotoxin inhibition has been reported for mammalian and insect GABA receptors, glycine receptors, and glutamate-gated chloride channels (Etter et al., 1999; rench-Constant et al., 1993; Rajendra et al., 1997; Sieghart, 1995) . Picrotoxin IC 50 values are reported to be in the 500 ± 1000 nanomolar range for recombinant mammalian GABA A receptors (Gurley et al., 1995; Krishek et al., 1996a) , and around 50 nanomolar for the Drosophila RDL splice variant (Chen et al., 1994) . We observed that UNC-49B homomers are picrotoxin sensitive, while UNC-49B/C heteromers are strongly picrotoxin resistant (Figure 6 ). Picrotoxin inhibition was fully reversible within 30 s. The site of picrotoxin action is likely to be near the pore of the receptor. First, residues important for picrotoxin sensitivity have been identi®ed in the M2 pore-forming domain (Gurley et al., 1995; Pribilla et al., 1992; Wang et al., 1995) . Second, substituted-cysteine-accessibility experiments implicate pore residues in picrotoxin action (Xu et al., 1995) . Thus, our results extend an earlier observation (Bamber et al., 1999) that the UNC-49C subunit makes an important contribution to the pore properties of the UNC-49B/C heteromer.
Dieldrin Dieldrin is a pesticide that strongly inhibits invertebrate GABA receptors. Dieldrin also aects mammalian GABA A receptors, but has a complex eect consisting of a fast enhancement followed by a slowly developing inhibition (Nagata et al., 1994a, b) . The dieldrin inhibitory binding site and transduction mechanism are thought to be similar, if not identical, to those of picrotoxin (renchConstant et al., 1993) . Therefore since UNC-49B was highly picrotoxin sensitive, we were surprised to ®nd that UNC-49B homomers are strongly dieldrin resistant (Figure 7) . UNC-49B homomers are unaected by 10 mM dieldrin, whereas the wild-type Drosophila RDL GABA receptor is completely inhibited by this concentration of dieldrin (rench-Constant et al., 1993). However UNC-49B homomers were not completely dieldrin resistant; modest inhibition was observed at 100 mM dieldrin. As with picrotoxin inhibition, the UNC-49C subunit reversed this sensitivity to high concentrations of dieldrin. UNC-49B/C heteromers were not aected by either 10 or 100 mM dieldrin (Table 1) . Dieldrin inhibition was fully reversible within 90 s.
Penicillin G b-lactam antibiotics such as penicillin G are pro-convulsive, and are known to act as open-channel blockers of GABA receptors (Fujimoto et al., 1995) . We tested whether UNC-49B homomers and UNC-49B/C heteromers were sensitive to inhibition by penicillin G. At 1 mM, penicillin G slightly inhibited the GABA-evoked currents from both receptors. However, at 10 mM, penicillin G inhibited UNC-49B/C heteromer currents about twice as much as UNC-49B homomer currents (Figure 7, Table 1 ). Penicillin G inhibition was fully reversible within 40 s.
Discussion
We have characterized the actions of several positive and negative allosteric regulators of the vertebrate GABA A receptor on the UNC-49B homomeric and UNC-49B/C heteromeric GABA receptors of C. elegans. We draw four major conclusions from our study: First, UNC-49C modulates the sensitivity of the UNC-49B/C heteromer to several allosteric regulators. Second, the properties of muscle GABA receptors in parasitic nematodes are more similar to the UNC-49B/C heteromer than the UNC-49B homomer, suggesting that a conserved UNC-49C homologue may be modulating the pharmacology of these receptors as well. Third, considering both pharmacological and phylogenetic criteria, the UNC-49 receptors can be placed with the Drosophila RDL receptor into a group which is distinct from mammalian GABA A receptors, but is nonetheless a conserved part of the GABA receptor family. Fourth, the binding sites and transduction mechanisms for certain classes of allosteric regulators may be more diverse than has been previously appreciated. Channel blockers and anaesthetics thought to act through a common site have dierent eects on the UNC-49 receptors. The conservation among ionotropic GABA receptors predicts that this diversity may also exist in the mammalian GABA A receptors.
The actions of most allosteric regulators on the UNC-49B receptor were greatly altered by the addition of the UNC-49C subunit to the receptor. These eects are interesting from a structure-function point of view, because in some cases, potential eector residues in the pore-lining M2 domain have been identi®ed from structure-function studies of other GABA receptors, and these residues dier in a consistent manner in the UNC-49B and UNC-49C subunits. In the ®rst example, sequence dierences between UNC-49B and UNC-49C subunits can account for dierential picrotoxin sensitivity. The conserved threonine at the 6' position in the M2 domain ( Figure 8A ) is an important determinant of picrotoxin sensitivity. Replacement of this threonine with a methionine in the rat r1 GABA C receptor subunit, or with a phenylalanine in the rat b2 GABA A receptor subunit has been demonstrated to cause strong picrotoxin resistance (Gurley et al., 1995; Zhang et al., 1995) . The UNC-49B subunit contains a threonine at this position ( Figure 8A ) and the UNC-49B homomer is picrotoxin sensitive. UNC-49C contains a methionine at this position ( Figure 8A ), and the UNC-49B/C receptor is relatively picrotoxin resistant. In the second example, previous data indicated that pentobarbitone direct activation is greatly reduced when a methionine residue is inserted at the 15' position of the M2 domain, in place of the wild-type asparagine residue in the human b3 subunit Figure 7 Responses of UNC-49B and UNC-49B/C to other channel blockers. (A) GABA alone (left traces), and GABA plus dieldrin (right traces) were applied to Xenopus oocytes expressing UNC-49B homomers (upper traces) or UNC-49B/C heteromers (lower traces). (B) GABA alone (left traces) or GABA plus penicillin G (right traces) were applied to Xenopus oocytes expressing UNC-49B homomers (upper traces) or UNC-49B/C heteromers (lower traces). The increased current rise times of the UNC-49B homomer traces shown, in the presence of dieldrin and penicillin G, are not consistently observed. The EC 50 GABA concentration was used for each receptor, bars represent duration of drug exposure. . Conversely, pentobarbitone direct activation is gained when the 15' methionine of the Drosophila RDL receptor is mutated to serine . UNC-49C contains a methinonine at the 15' position, and pentobarbitone direct activation is lost when the UNC-49C subunit is present in the receptor. In the third example, Lester (1992) . (B) Matrix of per cent sequence similarity between UNC-49 and mammalian GABA receptor subunits. (C) Phylogenetic tree showing the relationships among GABA receptor subunits and other ligand-gated chloride channel subunits. The mouse nicotinic acetylcholine receptor (nAChR) a1 subunit was included to root the tree. Bootstrap values are shown above each branch; the bootstrap value for the grouping of the UNC-49 subunits with mammalian GABA A receptor subunits is marked with an asterisk. This dendrogram was constructed using ClustalW sequence analysis software. The intracellular loops of the subunits were excluded from the analysis in (B) and (C) because they are non-conserved. this same methionine residue causes reduced sensitivity to propofol enhancement ; we observe that the modest propofol enhancement of the UNC-49B homomer is lost in UNC-49B/C heteromer. It is more dicult to predict the structural basis for the eects of UNC-49C on diazepam, penicillin G, and alphaxalone actions, and the ecacy of pentobarbitone enhancement, however UNC-49C may be useful for further investigation of these mechanisms.
Modulation of receptor pharmacology by an UNC-49C-like subunit may be a conserved feature of nematode GABA receptors. Native GABA receptors in muscle cells of the parasitic nematode Ascaris suum show properties quite similar to the UNC-49B/C heteromer. They are neither inhibited by bicuculline nor enhanced by benzodiazepines, a feature shared with other invertebrate GABA receptors. They are dieldrin resistant, suggesting that they are more like UNC-49 than like RDL receptors. Finally they are picrotoxin resistant, and thus resemble the UNC-49B/C heteromer rather than the UNC-49B homomer (Holden-Dye et al., 1989; Martin, 1993; Walker et al., 1992) . A simple explanation for this unique pharmacology would be that nematode muscle GABA receptors share a conserved subunit structure; namely a heteromultimer composed of subunits homologous to UNC-49B and UNC-49C. If so, then screening for compounds that speci®cally target the C. elegans UNC-49B/C heteromer might be an eective strategy for developing novel nematocidal agents.
Since the UNC-49 subunits are potentially useful tools for probing the structure-function relationships of GABA A receptors in general, it is important to know how closely the UNC-49 subunits are related to the other ligand-gated chloride channel subunits. A simple comparison of subunit sequences reveals that UNC-49B and UNC-49C are about 35 ± 45% similar to the mammalian a, b, g, and r subunits ( Figure 8B ). The mammalian subunits show the same degree of similarity to one another, indicating that the UNC-49 subunits are conserved members of the GABA receptor subunit family, rather than a divergent branch of this family. This degree of similarity suggests that the subunits will have conserved overall structures, and conserved binding pockets and transduction mechanisms for allosteric regulators. Molecular modelling studies, based on the crystal structure of the bacterial KcsA potassium channel, suggest that the overall structure, and the mechanisms of channel function and allosteric regulation are conserved between KcsA and the human HERG potassium channels, even though those channels are only 22% similar within the pore-forming region present in the crystal structure (Doyle et al., 1998; Mitcheson et al., 2000) .
A more-detailed phylogenetic analysis of the ionotropic GABA receptor subunits reveals three additional relationships among vertebrate and invertebrate receptors ( Figure  8C ). First, UNC-49 subunits are most closely related to the RDL receptors of Drosophila melanogaster and other insects, as suggested in a previous study (Bamber et al., 1999) . Thus, while UNC-49 and the vertebrate GABA A receptors are related, the UNC-49 subunits are not speci®c homologues of any particular class of mammalian GABA A receptor subunits (i.e. a, b, or g). This conclusion is consistent with our demonstration that the UNC-49 receptors, like RDL receptors, do not show typical responses to the GABA A receptor-speci®c modulators bicuculline and diazepam. Second, UNC-49 and the mammalian GABA A receptor subunits fall into a single group, which is distinct from the glycine receptors and glutamate-gated chloride channels (GluCl; Figure 8C ). This grouping is likely to be signi®cant because its bootstrap value was large (703), and it has been estimated that bootstrap values of 700 or greater indicate a con®dence level of 595% (Hillis & Bull, 1993) . Third, the UNC-49/ RDL group of receptors are more similar to the mammalian GABA A receptor b subunits than to the a or g subunits. Our phylogenetic analysis indicates a greater degree of sequence similarity with the b subunits (bootstrap value of 716; Figure  8B ). Furthermore, experimental analysis has revealed that members of these groups share an important functional similarity, in that they can assemble to form homomers. This ability is shared among UNC-49 and RDL (rench-Constant et al., 1993) , the r subunits (Cutting et al., 1991) , and the GABA A receptor b subunits (Krishek et al., 1996b; Taylor et al., 1999; Wooltorton et al., 1997) . One interpretation of these results is that the UNC-49/RDL group and the GABA A receptor b subunit group may have evolved from a common b-like ancestor which existed prior to the divergence of vertebrate and invertebrate lineages. Consistent with this idea, invertebrate genomes contain other subunits which are direct homologues of the mammalian b subunits (i.e. the predicted subunit zc482.1 from C. elegans, and the b subunits from Lymnaea stagnalis and Drosophila; Figure 8B ). These subunits may be direct descendants of a putative ancestral blike subunit.
In view of the sequence similarities among the ionotropic GABA receptor subunits, two of our observations may oer particular insight into the allosteric regulatory mechanisms of GABA receptors in general. Speci®cally, the mechanisms for channel blockers and anaesthetics seem to be more diverse than has previously been appreciated. For example, the mechanisms of picrotoxin and dieldrin inhibition have thus far been indistinguishable. Resistance to both compounds are strongly cross-correlated in insects and vertebrates (Kadous et al., 1983; Yarbrough et al., 1986) . Moreover, both compounds compete for the same binding site (Matsumura & Ghiasuddin, 1983) , and the same mutation in RDL that causes dieldrin resistance also causes picrotoxin resistance (rench-Constant et al., 1993) . However, we have found that UNC-49B homomers are highly picrotoxin sensitive but highly dieldrin resistant. Thus, these two compounds cannot have identical mechanisms of inhibition. Similarly, evidence suggests that pentobarbitone and propofol may act through a common site or mechanism of action (Davies et al., 1998; Pistis et al., 1997; . However, we observed that the UNC-49B/C heteromer was enhanced by pentobarbitone but inhibited by propofol, highlighting possible dierences in their respective mechanisms. In view of the sequence conservation among ionotropic GABA receptor subunits, this mechanistic diversity may also extend to the mammalian GABA A receptors.
Together, the results of this study suggest that the UNC-49 subunits are a useful addition to the tools available for studying GABA A receptor structure-function relationships. The UNC-49B homomer and UNC-49B/C heteromer both have unique pharmacological pro®les, suggesting that they have diverse sequences in functionally-important regions. UNC-49B forms a homomeric receptor, which will simplify the task of identifying functionally important sequences.
Finally, the overall structure of the UNC-49 subunits is highly conserved, so the insights gained by studying UNC-49 can be straightforwardly applied to other receptors, including the mammalian GABA A receptors.
